Abstract. In mammals, both parental genomes are essential for normal ontogeny because epigenetic modifications imposed in the parents' gametes lead to parent-of-origin specific gene expression in their offspring. These phenomena are referred to as genomic imprinting. It has been shown that maternal imprinting is established during oocyte growth, lack of maternal imprinting in zygotes leads to early embryonic death, and in vitro system that allows establishment of maternal imprinting is developed. In this review, I describe the history of the discovery of genomic imprinting, the regulatory mechanisms of mammalian development by maternal imprinting, and the molecular mechanisms of genomic imprinting. Key words: genomic imprinting, oocyte, nuclear transfer (J. Reprod. Dev. 57: 1-8, 2011)
It was a well-known phenomenon that parental genomes unequally contribute to the phenotype of their progeny. The most famous example is the mule (of which the mother is a horse and the father is a donkey) and hinny (of which the mother is a donkey and the father is a horse). Mules and hinnies are interspecies hybrids with the same genomes; however, their phenotypes and properties are obviously different [1] . Mulls have long been kept as useful and hardy farm animals in many countries.
Recent experimental evidence has shown the unequal contribution of parental genomes in mice with uniparental disomy [2] , predominant paternal X chromosome inactivation in mouse extraembryonic tissue [3] , and the developmental arrest of parthenogenetic/gynogenetic and androgenetic mouse embryos [4, 5] (summarized in Table 1 ). Scientists termed the persistence of chromosomes like a memory of the parental origin 'genomic imprinting' [6] [7] [8] . Although the evolutionary origin of genomic imprinting might differ between mammals and other animals, the phenomenon was recognized earlier in Diptera than in mammals [9] . For example, in Sciara, the paternally inherited X chromosome is eliminated during early zygotic division [10] . Genomic imprinting is also observed in the model animals, Danio rerio and, Drosophila melanogaster [9, 11, 12] . However, parthenogenetic/ gynogenetic and androgenetic zebra fishes and flies are viable, different from what is observed in the case of mammals [13] [14] [15] [16] .
It has been conceptualized that genomic imprinting is regulated by epigenetic modification. The thought is that if the functional non-equivalency of parental genomes is accompanied by genetic alteration, mutations accumulate over generations and lethality increases in mammals, but this is not the case. Imprinting on parental chromosomes should be erased in each generation and then new imprinting should be imposed on chromosomes according to the sex of the offspring. This concept can be explained by epigenetic modification (Fig. 1) .
From the late 1980s to the 1990s, new evidence of genomic imprinting mainly came from transgenic and knockout mice. In 1987, Reik et al., Sapienza et al. and Swain et al. showed that exogenous DNA sequences were methylated in mice only when the transgene was transmitted from the mother but not the father. Moreover, the allelic methylation differences in transgenic mice were inherited from gamete-derived methylation patterns, and the transgene was exclusively expressed in the unmethylated paternal allele in each generation [17] [18] [19] . These results strongly suggest that molecular mechanisms of genomic imprinting are included with DNA methylation. In 1991, imprinted genes, maternally expressed Igf2r and H19 and paternally expressed Igf2, were identified in mice [20] [21] [22] . Thereafter, DNA methyltransferase (Dnmt1)-deficient mouse embryos showed that allele-specific expression of imprinted genes is required for DNA methylation [23] . Thus, the exploration of new imprinted genes and the understanding of molecular mechanisms have come into the mainstream in the study of genomic imprinting. Nuclear transfer experiments have again provided new evidence to support the concept of genomic imprinting.
Evidence from Nuclear Transfer Experiments
There are some procedures for the production of uniparental embryos. Parthenogenetic embryos, without the contribution of sperm, are produced by artificial activation and diploidization of unfertilized oocytes. Gynogenetic and androgenetic embryos are produced by transplantation of pronuclei between fertilized eggs to contain 2 female pronuclei and 2 male pronuclei, respectively. Androgenetic embryos are also produced by dispermic fertilization of enucleated oocytes. Mouse uniparental embryos die before 10 days post coitum (dpc) [4, 5, 24, 25] , implying that both parental genomes are essential for mammalian development and that the genomes of oocytes and sperm carry maternal and paternal imprinting, respectively. However, the concept that maternal and paternal imprinting is erased and again established in a sex-specific manner during gametogenesis has not been proved by the experiments.
To investigate whether the imprinting is erased and how lack of imprinting influences on embryonic development, we produced parthenogenetic (bimaternal) embryos containing 1 genome from a non-growing (ng) oocyte and 1 from a fully grown (fg) oocyte. In addition, we produced fertilized embryos containing 1 genome from an ng oocyte and 1 from sperm (sp). The ng oocytes cannot resume meiosis by themselves. For the production of haploid oocytes, ng oocytes were transferred into enucleated fg oocytes at prophase in the first meiosis. After fusion, reconstituted oocytes were able to mature into metaphase in the second meiosis (MII) in vitro. Subsequently, MII chromosomes of reconstituted oocytes were transferred into intact fg-MII oocytes or enucleated MII oocytes; thus, re-reconstituted oocytes were subjected to artificial activation or in vitro fertilization, respectively. Several hours later, parthenogenetic eggs extruded 2 second polar bodies and formed 2 female pronuclei, 1 is from an ng oocyte and the other from an fg oocyte. The fertilized eggs extruded a second polar body and formed male and female pronuclei (Fig. 2) . We then examined the expression of imprinted genes and the developmental ability of these embryos.
Gene expression analysis showed that many of the paternally expressed genes (e.g., Mest, Peg3, Snrpn, Ndn, Mkrn3, Impact, Zrsr1) were expressed but maternally expressed genes (e.g., Igf2r, Cdkn1) were repressed in the maternal alleles derived from ng oocytes of the fertilized embryos (ng/sp FE) and the parthenogenetic embryos (ng/fg PE) at 9.5 dpc (summarized in Table 2 ). These results indicate that parental imprinting is erased and maternal imprinting is not established in the ng oocytes. The genome derived from the ng oocytes behaved like the paternal genome in the embryos [26] . The developmental changes were observed in both types of embryos. The ng/sp FE died before 10 dpc, whereas the biparental control embryos (fg/sp FE) developed to term, which were produced from fg oocytes by nuclear transfer methods the same way as the ng/sp FE. In contrast, ng/fg PE developed to 13.5 dpc, 3 days longer than had been recorded previously for parthenogenetic development. The foetuses and placentae derived from ng/ fg PE had normal appearance without their size. The ng/fg PE was smaller than the ng/sp FE. However, the ng/fg PE were unable to develop beyond 14 dpc [27] . Paternally expressed Igf2 and Dlk1 were repressed and maternally expressed H19 and Gtl2 were biallelically expressed in the ng/fg PE. Therefore, it is suspected that further extended development of ng/fg PE is required for regulatory expression of paternally imprinted genes. Kaguya and her sisters, parthenogenetic (bimaternal) mice, were born as a result of genetic modification to induce the appropriate expression of Igf2/H19 and Dlk1/Dio3 loci in the ng/fg PE [28, 29] .
On the other hand, these findings raised the interesting question of when precisely maternal imprinting is established during oocyte growth. To address this question, we produced embryos containing the genome from a growth-stage oocyte. The oocytes were classi- fied into non-growing (1d-ng and 5d-ng), early-growing (eg), middle-growing (mg), and late-growing (lg) stages. They were obtained from 1-, 5-, 10-, 15-, and 20-day-old mice, respectively. Using these oocytes, we produced 6 types of parthenogenetic embryos, 1d-ng/fg PE, 5d-ng/fg PE, eg/fg PE, mg/fg PE, lg/fg PE, and fg/fg PE and 5 types of fertilized embryos, ng/sp FE, eg/sp FE, mg/sp FE, lg/sp FE, and fg/sp FE. These embryos were then subjected to gene expression and developmental analyses. Changes in the expression patterns were first noted in 3 paternally expressed genes: the Snrpn, Ndn, and Mkrn3 genes in the 5d-ng/fg PE. The Peg3 gene was repressed in some of the eg/fg PE, whereas the Igf2r and Cdkn1c genes were expressed in both eg and fg alleles. Such Peg3 repression and Igf2r and Cdkn1c expression by the eg alleles was the result of acquisition of the maternal imprinting. Repression of the Mest gene was first detected in the mg/fg PE. In the lg/ fg PE, the Mest and Peg3 genes were repressed and the Igf2r and Cdkn1c genes were biallelically expressed. The Impact and Zrsr1 genes, however, were still expressed in the maternal alleles of the lg/sp FE and these were repressed from maternal alleles of the fg/sp FE, indicating that the Impact and Zrsr1 genes are imprinted after the oocyte has grown to its final stage (summarized in Table 2 ). The developmental ability of the fertilized embryos was extended as the nuclear donor oocytes grew, and the genome of the lg oocyte was the first competent genome to support full-term development during oocyte growth [30] . In contrast, extended development beyond 10 dpc has never been observed in mg/fg PE. The survival rate of the ng/fg PE was approximately 60% at 9.5 dpc: however, only 10% of the fg/fg PE population survived at 9.5 dpc (Table 3 ) [31] . These results indicate that maternal imprinting is established at a specific time for each imprinted gene during oocyte growth and that the establishment of maternal imprinting is essential for mammalian sexual development. Most imprinted genes (loci) contain differentially methylated regions (DMRs) between the maternally and paternally derived alleles that are inherited from the oocyte and sperm, respectively [32] . It has been shown that the DMRs govern imprinted expression in each gene (locus) [33, 34] . However, a few DMRs were identified when we started studying genomic imprinting. Furthermore, DNA methylation analyses were mainly conducted using Southern hybridization. By combining PCR and methylation-sen- sitive restriction enzymes, we can analyze rather small sample volumes (e.g., oocytes); however, some demerits are as follows: artifacts resulting from insufficient enzymatic digestion, and analysis of a few CpG sites in the DMRs depending on the recognition sequence. The sodium bisulphite sequencing method devised in 1997 allows analysis of all CpG sites in the DMRs [35] and investigate the timing of acquisition of DNA methylation in DMRs during oocyte growth. A DNA methylation analysis showed that gene-specific timing for maternal imprinting determined by gene expression analyses roughly corresponds to the timing of DNA methylation acquisition in DMRs during oocyte growth (summarized in Table 2 ) [36] . However, even now, it remains an unresolved issue, and a large numbers of oocytes will be required for epigenetic study.
Conditions for Functional Oocytes
It has been reported that conditions for functional oocytes are involved in nuclear maturation and cytoplasmic maturation [37] [38] [39] . Nuclear maturation involves the production of haploid gametes by meiotic division and the accumulation of pronuclear components, which gives rise to the totipotent embryo upon fertilization. Cytoplasmic maturation involves the support of meiosis, fertilization, and pre-implantation development. Our findings lead to a new concept that maternal imprinting (genomic maturation) is one of the conditions required for oocyte function.
In mammalian females, almost all of the mitotic oogonia enter meiotic prophase during foetal life; therefore, the number of oocytes is not increased after birth. Furthermore, only a limited number of oocytes grow completely and acquire competency because a species-specific number of follicles is selected from a large pool of primordial follicles for entry into the growth phase in vivo. This is the critical difference between sperm and oocytes. Consequently, males are generally used as livestock-breeding resources. However, mammalian ovaries contain thousands or millions of immature oocytes (reviewed by Miyano et al., 2005) [40] . These latent oocytes will be a large and potentially valuable resource for zoological application if an in vitro system for the production of functional oocytes can be established.
We attempted to culture mouse foetal ovaries containing only pre-meiotic female germ cells to complete meiotic, genomic, and cytoplasmic maturation in vitro by referring to the excellent procedures developed by Eppig et al. [38, 41] .
Ovaries from mouse foetuses at 12.5 dpc with the mesonephroi still attached were cultured for 7 days, followed by removal of the mesonephroi and a further 10 days in culture on a Coaster Transwell membrane. Secondary follicles were isolated from these cultured ovaries and cultured for 11 days on a Coaster Transwell-COL membrane.
At first 7-day culture, to examine whether premeiotic oogonia enter meiosis and reach the diplotene stage, female germ cells isolated from cultured ovaries were transferred into enucleated fg oocytes. Almost all of the reconstituted oocytes were able to resume meiosis and mature into MII and had a normal karyotype (n=20), indicating that meiotic maturation can be completed in vitro. At the end of the 28-day culture period, the diameter of the oocytes had increased to 60-70 µm. However, these oocytes were unable to resume meiosis. To overcome the cytoplasmic incompetency, we conducted a serial nuclear transfer as described above. Re-reconstituted fertilized embryos containing 1 genome from an in vitro grown (IVG) oocyte and 1 from sperm can develop to term after embryo transfer. This finding indicates that genomic maturation can be completed in vitro. Maternally imprinted Igf2r, Snrpn and Mest genes were methylated in the IVG oocytes and resultant pups. These results showed that use of a combination of in vitro culture and nuclear transfer enabled production of functional oocytes from foetal premeiotic female germ cells [42] . Although oocyte cytoplasm was unable to be matured in vitro, functional oocytes were effectively produced from oocytes of various size by using this method [43] . On the other hand, we successfully produced mice derived from epigenetically immature oocytes of diameters 50-60 μm derived from 10-day-old mice. These mice resulted in loss of imprinting at high frequency. Therefore, these mice are expected to be a model for loss of imprinting that is a cause for imprinting disorders and cancers in human (Obata et al., in press).
Molecular Mechanisms
As described above, genomic imprinting involves three pro- * controversial data cesses: establishment in gametes, maintenance in somatic tissues, and erasure in gametes of the next generation. DNA methylation has been studied most precisely for the molecular mechanisms of genomic imprinting (summarized in Table 4 ). In vertebrates, DNA methylation occurs at the cytosine residues of the CpG sites, and hypermethylation of the CpG islands is generally associated with gene repression. The DNMT family consists of DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L. DNMT1 is targeted to hemimethylated DNA strands and plays a role in maintenance of DNA methylation at DNA replication [44] . DNMT3A and DNMT3B are targeted to unmethylated DNA strands and play a role in de novo DNA methylation [45] . DNMT3L, which does not contain catalytic motifs, is associated with the activity and cellular localization of DNMT3A and DNMT3B [46] [47] [48] . The imprinted expression of Igf2, H19 and Igf2r is disrupted in Dnmt1-deficient mouse embryos, indicating that DNMT1 is indispensable in the maintenance of genomic imprinting in embryonic tissues [23] . The lack of DNMT3A and DNMT3B leads to loss of DNA methylation in secondary DMRs in Igf2 but not in the germ line DMRs in the Igf2r and H19 in embryonic stem (ES) cells. The promoter region of the Xist gene undergo de novo DNA methylation in ES cells differentiation; however, de novo DNA methylation does not occur in Dnmt3a-and Dnmt3b-deficient ES cells [45] . On the other hand, DNMT3A and DNMT3L are essential for DNA methylation of imprinted genes in gametes [46, 49] . Maternal imprinting is absent in the embryos derived from Dnmt3a-or Dnmt3L-deficient oocytes, resulting in embryonic lethality. Disruption of Dnmt3a or Dnmt3L in the male germ line leads to hypomethylation of paternally imprinted genes and impaired spermatogenesis. On the other hand, molecular mechanisms other than DNA methylation have been reported to be important for genomic imprinting. For example, demethylation of histone H3 lysine 4 by KDM1B is required for the acquisition of DNA methylation of some but not all imprinted genes during oocyte growth [50] . Furthermore, a long RNA transcript from Nesp/Gnas locus is required for establishment of oocyte-specific DNA methylation in the DMR of itself [51] , whereas the complex of MIWI2 and TRDR9 associated piwi-small RNA is required for establishment of the spermspecific DNA methylation of the Rasgrf1 gene [52] . Conversely, it has been proposed that protection of the DMR from de novo DNA methylation during oocyte growth would be just the imprinting machinery in H19 [53] . Along with the process of maintenance of imprinting, DNA methylation-independent machinery has been clarified. Dnmt1-deficient embryos cannot sustain imprinted expression; however, their extra-embryonic tissues sustain the allele-specific expression of the imprinted genes [54, 55] , which is required for the methylation of histone H3 lysine 9 and 27 by EHMT2 [56] .
The mechanisms underlying the erasure of imprinting remain to be elucidated. Germ cells potentially erase DNA methylation of imprinted genes [57, 58] but DNA demethylase has not been identified. Most recently, AICDA, which can deaminate 5-methylcytosine in vitro, has been proposed as one of the candidate factors for erasure of imprinting [59] . It is speculated that deamination of 5-methylcytosine to uracil leads to T to C base substitution via the DNA repair pathway. It has also been suggested that hydroxylation of 5-methylacytosine catalyzed by TET1 may play a role in DNA demethylation, presumably owing to the inhibition of DNMT1 function [60] .
Conclusion
Factors governing genomic imprinting are gradually being elucidated, but the mechanisms by which sexual dimorphisms of epigenotypes originate in gametes remain to be understood. In Kaguya, the maternal genome derived from ng oocytes behaves as a paternal genome during embryonic development. Ultimately, the sex of gametes can be controlled by gamete-specific imprinting. Further studies are needed to understand genomic imprinting in gametes and to produce functional and universal gametes.
